
ORIGINAL ARTICLE

Characterization of SARS-CoV-specific memory T cells
from recovered individuals 4 years after infection

Yan-Ying Fan Æ Zi-Tong Huang Æ Li Li Æ
Man-Hui Wu Æ Tao Yu Æ Richard A. Koup Æ
Robert T. Bailer Æ Chang-You Wu

Received: 7 March 2009 / Accepted: 22 May 2009 / Published online: 13 June 2009

� Springer-Verlag 2009

Abstract SARS-CoV infection of human results in antigen-

specific cellular and humoral immune responses. However,

it is critical to determine whether SARS-CoV-specific

memory T cells can persist for long periods of time. In this

study, we analyzed the cellular immune response from 21

SARS-recovered individuals who had been diagnosed

with SARS in 2003 by using ELISA, CBA, ELISpot and

multiparameter flow cytometry assays. Our results dem-

onstrated that low levels of specific memory T cell

responses to SARS-CoV S, M, E and N peptides were

detected in a proportion of SARS-recovered patients, and

IFN-c was the predominant cytokine produced by T cells

after stimulation with peptides. Cytometry analysis indi-

cated that the majority of memory CD8? T cells produced

IFN-c, whereas memory CD4? T cells produced IFN-c,

IL-2 or TNF-a. These results might provide valuable

information on the cellular immune response in recovered

SARS-CoV patients for the rational design of vaccines

against SARS-CoV infection.

Introduction

SARS is a newly emerged infectious disease that has

caused the deaths of hundreds of infected individuals.

SARS-CoV is a positive-sense RNA virus that consists of

three membrane proteins: spike (S), membrane (M) and

envelope (E) and a nucleocapsid core (containing the

structural component of helical nucleocapsid, N protein). It

has been demonstrated that the viral surface proteins are

associated with the embedding in the cell membrane of

host cells, and N proteins play an important role in repli-

cation and RNA packaging [6, 10, 11, 17].

Previous studies by us and others have demonstrated

that SARS-CoV spike, envelope, membrane and nucleo-

capsid proteins could elicit cellular immune responses,

and the immune responses of SARS-CoV antigen-specific

memory T cells were detectable more than 1 year after

natural human infection. In addition, a proportion of

immunodominant T-cell epitopes of SARS-CoV M, E

and N peptides have been identified [12, 13, 19, 20].

Moreover, the existence of immunodominant B cell

epitopes and neutralizing antibody responses have also

been reported in both human and animals. More recently,

Cao and his colleagues found that the levels of SARS-

CoV-specific antibody appear to decrease 4 years after

the burst of SARS [1, 7, 21]. Currently, however,

there is no information available on the cellular

immune response in SARS-CoV patients 4 years after

recovery.

To investigate the persistence and quality of memory

T cell responses to SARS-CoV in infected human, we

analyzed the cellular immune response from SARS-

recovered individuals who had been diagnosed as

having SARS during the period of January–March in

2003.
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Materials and methods

Subjects

Fully SARS-recovered individuals (n = 21; 2 males and 19

females, aged 22–44) were recruited in this study from the

Second Affiliated Hospital of Sun Yat-sen University,

Guangzhou, Guangdong, China. All participants had been

diagnosed as having SARS patients based on clinical

examination during the period of January–March 2003. The

diagnostic criteria for SARS-CoV infection followed the

World Health Organization’s definition of SARS, including

a fever (temperature [38�C), a chest radiograph of the

thorax showing evidence of new consolidation with respi-

ratory symptoms (e.g. cough and shortness of breath) and a

history of close contact with a person in whom SARS had

been diagnosed. The diagnosis was further confirmed by

serological detection of SARS-CoV-specific antibodies [8].

Ten normal subjects (2 males and 8 females, aged 24–52)

without any contact history with SARS patients were used as

negative controls. Our protocol was approved by the Clinical

Research Ethics Committee of the Sun Yat-sen University,

and informed consent was obtained from all participants.

Synthetic peptides

SARS-CoV S, M, E and N peptides were kindly provided

by Drs. Koup and Bailer at the Vaccine Research Center

(VRC), the National Institute of Allergy and Infectious

Diseases (NIAID), National Institutes of Health (NIH),

USA. A total of 169 peptides spanning the entire SARS-

CoV S protein, 30 peptides spanning the entire sequence of

SARS-CoV M protein, 9 peptides spanning the entire

sequence of SARS-CoV M protein and 57 peptides span-

ning the entire sequence of the SARS-CoV N protein (each

peptide was 15–20 amino acids in length and overlapped

by 10 amino acids) were used in these experiments.

Preparation of PBMCs

Venous blood was collected in a tube containing sodium

heparin (15 U/ml, Shanghai Biochemistry Pharmaceuticals

Company, Shanghai, China) and diluted 1:1 in Hank’s

balanced salt solution. PBMCs were isolated by density

centrifugation through a Histopaque 1.077 gradient

(Shanghai Huajing, Shanghai, China) and washed twice in

Hank’s solution. Cells were resuspended at a concentration

of 2 9 106/ml in complete RPMI 1640 medium (GIBCO

BRL, CA, USA) containing 10% heat-inactivated fetal

bovine serum (Hyclone, UT, USA), 100 U/ml penicillin,

100 lg/ml streptomycin, 2 mM L-glutamine and 1,0009

2-Mercaptoethahol (2-ME), all of which were purchased

from GIBCO BRL.

IFN-c secretion assays

PBMCs were seeded into 96-well culture plates (Becton

Dickinson) (2 9 105 cells/well) in triplicate. S, M, E or N

peptides and costimulatory mAb anti-CD28 (BD Biosci-

ences Pharmingen, CA, USA) were each added to the wells

at 1 lg/ml. In addition, PBMCs were stimulated with

20 ng/ml phorbol-12-myristate-13-acetate (PMA) (Sigma,

St. Louis, MO, USA) and 1 lg/ml ionomycin (Sigma) as

positive controls, and unstimulated PBMCs were used as

negative controls. The plates were incubated for 72 h at

37�C in a humidified atmosphere containing 5% CO2.

Supernatants were collected, and the level of IFN-c was

measured using an ELISA kit (BD Biosciences Pharmin-

gen) according to the manufacturer’s instruction. The

detection limit of the IFN-c assay kit was 4.9 pg/ml.

Cytometric bead array analysis for cytokines

PBMCs from SARS-recovered donors (patients 1, 2, 5, 12

and 20) were seeded in 96-well plates with or without S, M,

E or N peptides and anti-CD28 for 72 h. The culture

supernatants were harvested, and Th1/Th2 cytokine pro-

duction was measured with cytometric bead array (CBA)

by flow cytometry (Becton Dickinson Immunocytometry

Systems, CA, USA). Briefly, five bead populations with

distinct fluorescence intensities were coated with capture

antibodies specific for different cytokines including IFN-c,

IL-2, TNF-a, IL-4 and IL-10. After the beads were incu-

bated with 50 ll of diluted supernatants, different cyto-

kines in the sample were captured by their corresponding

beads. The cytokine-captured beads were then mixed with

phycoerythrin-conjugated detection antibodies to form

sandwich complexes. Following incubation, fluorescence

samples were washed, harvested and analyzed using CBA

6-bead analysis software (BD Biosciences Pharmingen).

The assay sensitivity of these five cytokines was 20 pg/ml.

IFN-c ELIspot assays

An ELIspot assay for IFN-c (BD Biosciences Pharmingen)

was performed. In brief, 96-well plates were coated with

anti-IFN-c mAb at 4�C overnight. The plates were washed

twice before blocking with complete culture medium.

Fresh PBMCs were plated in triplicate at 2 9 105 cells per

well. S, M, E or N peptides and anti-CD28 were each added

at 1 lg/ml. PBMCs were stimulated with 20 ng/ml PMA

and 1 lg/ml ionomycin as positive controls, and unstimu-

lated PBMCs were used as negative controls. After incu-

bation for 20 h at 37�C in a humidified atmosphere

containing 5% CO2, the cells were removed and incubated

with biotinylated anti-human IFN-c detection antibody

for 2 h at room temperature. After washing, wells were
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developed for 1 h with streptavidin-HRP and incubated

with substrate reagent according to the manufacturer’s

protocol. Spot-forming cells (SFCs) were detected using

the ELIspot image analysis system (Sage Creation, Beijing,

China). The frequency of IFN-c-producing cells was cal-

culated as the number of spots/number of total PBMCs per

well. The number of spots in negative control wells was in

the range of 0–2 spots.

Cell-surface and intracellular cytokine staining

and flow cytometric analysis

The following monoclonal antibodies (mAbs) were used in

this study: anti-CD4 PerCP and anti-CD8 PerCP were

purchased from BD Bioscience Immunocytometry Sys-

tems; anti-CD8 PE-Cy7, anti-IFN-c APC, anti-IL-2 PE,

anti-TNF-a FITC and isotype-matched control antibodies

were obtained from BD Biosciences Pharmingen.

For cell-surface and intracellular cytokine staining and

flow cytometric analysis, PBMCs were stimulated with or

without S, M, E or N peptides in the presence of anti-CD28.

After the first 1 h of incubation, brefeldin A (10 lg/ml

Sigma-Aldrich) was added to the cultures to enable intra-

cellular protein to accumulate in all stimulations. After

incubation for a total of 5 h, the cells were washed twice in

PBS and fixed for 8 min at room temperature in fixation

buffer (PBS containing 4% paraformaldehyde). After an

additional washing step, the cells were resuspended in

permeabilization buffer (PBS containing 0.1% BSA, 0.05%

sodium azide and 0.1% saponin) at 4�C for 2 h. The cells

were then stained with anti-CD4, anti-CD8, anti-IFN-c,

anti-IL-2 and anti-TNF-a. After staining, all samples were

washed and resuspended in FACS buffer (PBS containing

0.1% BSA, and 0.05% sodium azide), and more than

300,000 cells were acquired on a FACS Calibur flow

cytometer. The data were analyzed by using FlowJo soft-

ware (Tree Star Inc., OR, USA).

Statistical analysis

The levels of cytokines and numbers of IFN-c-producing

cells were compared using Student’s t test between

recovered SARS patients and healthy controls in the same

condition. P \ 0.05 was considered significant.

Results

Quantification of SARS-CoV S-, M-, E- and N-peptide-

specific IFN-c production 4 years after recovery

To determine whether memory-T cell-mediated immune

responses were persistent in individuals who had

completely recovered 4 years ago from SARS-CoV infec-

tions, PBMCs were prepared from peripheral blood of

normal donors and SARS-CoV-recovered individuals. The

cells were incubated in the presence or absence of a pool of

SARS-CoV-derived peptides including S, M, E and N with

or without anti-CD28 mAb. After stimulation for 3 days,

the levels of IFN-c in the cell cultures were assessed by

ELISA. The results in Fig. 1a show that in the absence of

stimulation, there was no detectable level of IFN-c

Fig. 1 Production of IFN-c by PBMCs from SARS-recovered

individuals in response to SARS-CoV S, M, E and N peptides.

a PBMCs from SARS-recovered individuals (n = 21) and normal

control donors (n = 7) were stimulated with or without S, M, E and N

peptides for 72 h. Cells stimulated with PMA plus inomycin were

used as positive controls. The culture supernatants were collected and

tested for the production of IFN-c by ELISA. All assays were

performed in triplicate. Each individual point represents one result

from one donor. Bars indicate mean values. *P \ 0.05, **P \ 0.01,

NS not significant (P [ 0.05). b Percentage of donors responding to S,

M, E and N peptides. ???? percentage of donors responding to four

all of S, M, E and N peptides; ??? percentage of donors responding

to three of S, M, E and N peptides; ?? percentage of donors

responding to two of S, M, E and N peptides; ? percentage of

donors responding to one of S, M, E and N peptides; - percentage of

donors responding to none of S, M, E and N peptides
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production. Remarkably, the stimulation of PBMCs from

recovered individuals but not from normal donors with

SARS-CoV S peptides resulted in significantly high levels

of IFN-c production (P \ 0.01). Similar results were also

obtained when the cells were stimulated with SARS-CoV

N peptides (P \ 0.05). Although the cells that were stim-

ulated with M peptides produced IFN-c, the level of IFN-c
production was not significantly different compared to

using medium alone (P [ 0.05). In addition, no IFN-c was

detected in SARS-CoV-recovered individuals after stimu-

lation with SARS-CoV E peptides (P [ 0.05). Further-

more, no marked difference in the production of IFN-c by

recovered individuals and healthy donors was observed

when the PBMCs were stimulated with PMA plus iono-

mycin (P [ 0.05). The statistical results showed that 66.70,

28.57, 14.29, and 38.10% of the SARS-CoV-recovered

individuals tested in this study responded to stimulation by

S, M, E, and N peptides, respectively, to produce IFN-c
(data not shown). Further analysis revealed that 9.52% of

SARS-CoV-recovered persons produced IFN-c in response

to all four peptides, 14.29% to three, 19.05% to two,

28.57% to one, and 28.57% did not respond to any of four

peptide antigens (Fig. 1b).

To confirm and extent the results obtained from ELISA,

CBA was carried out to determine the production of Th1/

Th2 cytokines in cell-free culture supernatants after cells

from SARS-CoV-recovered individuals were stimulated

with SARS-CoV peptides for 3 days. Consistent with the

data obtained from ELISA, the results from CBA showed

that IFN-c, but not IL-2, TNF-a, IL-4 or IL-10, could be

detected following stimulation with the peptides. The

concentrations of IFN-c were variable, depending on the

types of SARS-CoV peptides. Among the four types of

SARS-CoV peptides (Fig. 2a–d), S peptides induced the

highest levels of IFN-c production (Fig. 2a). These results

suggested that IFN-c-producing cells were persistent

4 years after recovery from SARS-CoV infection.

Frequency of IFN-c-producing cells from SARS-CoV-

recovered individuals following stimulation with

SARS-CoV S, M, E and N peptides 4 years after

recovery

To evaluate the frequency of antigen-specific IFN-c-pro-

ducing cells, PBMCs from SARS-CoV-recovered individ-

uals and normal donors were stimulated with SARS

peptides, and IFN-c-producing cells were counted using the

ELIspot assay. The results in Fig. 3a, from five represen-

tative individuals (P1, P2, P5, P12 and P20), indicated that

no spots were observed when PBMCs were cultured in the

absence of stimulation. Patient 1 only responded to N

peptides to produce IFN-c, patient 2 and patient 12

responded to S, M and N but not E peptides, patient 5

responded to S and N peptides, and patient 20 responded to

all four peptides. The statistical results in Fig. 3b show that

the majority of SARS-recovered individuals responded

significantly to S and N peptides compared to medium

(P \ 0.01). Few of them responded to M and E peptides.

Fig. 2 Cytometric bead array (CBA) analysis of Th1/Th2 cytokine

production by PBMCs from SARS-recovered individuals in response

to S, M, E and N peptides. PBMCs from five SARS-recovered donors

(patient 1, 2, 5, 12 and 20) were seeded in 96-well plates with or

without S, M, E and N peptides for 72 h. The culture supernatants

were collected, and Th1/Th2 cytokine production was measured

serially by CBA using a FACSCalibur flow cytometer. The data were

generated in graphical format using the BD CBA software. The assay

sensitivity with these five cytokines was 20 pg/ml. a S peptides,

b M peptides, c E peptides, d N peptides
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Among SARS-CoV-recovered individuals tested in this

study, the statistical results showed that 61.90% of them

responded to S peptides, 28.57% responded to M, 9.52%

responded to E and 33.33% responded to N peptides (data

not shown). Further analysis, shown in Fig. 3c, indicated

that 4.76% of individuals responded to all four peptides,

9.52% responded to three peptides, 33.33% responded to

two peptides, 19.05% responded to one peptide and

33.33% did not respond to any of the four peptides. These

results demonstrate that memory T cells from SARS-CoV-

recovered individuals in response to SARS-CoV stimula-

tion are heterogeneous.

Characterization of SARS-CoV S, M, E

and N peptide-specific memory T cells

To determine the subpopulations of cytokine-producing

cells, PBMCs from recovered individuals with SARS-

CoV infection and healthy unexposed donors were stim-

ulated with SARS-CoV S, M, E and N peptides,

respectively. After incubation for 5–6 h, cells were har-

vested, washed and stained with antibodies to CD4 and

CD8 together with the antibodies to cytokines IFN-c,

IL-2 and TNF-a. After incubation, cells were washed,

acquired by FACS Calibur and analyzed using FlowJo

software. The statistical results in Fig. 4a indicate that

after stimulation with SARS-CoV S, M, E or N peptides,

both CD4? and CD8? T cells expressed IFN-c. Among

these, the S peptides induced a markedly higher per-

centage of IFN-c-producing cells in the recovered patients

than in normal donors (P \ 0.05), and the percentage of

IFN-c-producing CD8? T cells was higher than that of

CD4? T cells when stimulated with all four peptides. In

addition, we detected the frequency of IL-2 and TNF-a-

producing memory T cells in SARS-CoV-recovered

individuals, and the results in Fig. 4a–d indicate that

cytokine-producing CD4? and CD8? T memory cells

(including both IL-2 and TNF-a-producing cells) were

very rare, and there was no significant difference com-

pared to the healthy donors (P [ 0.05). In the analysis of

multiple functional CD4? and CD8? T memory cells, we

found that the majority of SARS-CoV S, M, E or N

peptide-responding CD8? T memory cells were IFN-c-

producing cells, and CD4? T memory cells could pro-

duce IFN-c, IL-2 or TNF-a, except those from patient 12,

after stimulation with S peptides (Fig. 4e). These data

indicate that IFN-c production was the main property of

SARS-CoV-responding CD8? T cells, whereas CD4? T

Fig. 3 IFN-c-producing cells in PBMCs from SARS-recovered

individuals in response to S, M, E and N peptides. a Representative

images of IFN-c ELISPOT results from five donors, patients 1, 2, 5,

12 and 20. b Mean spot numbers in PBMCs from 21 SARS-recovered

donors and 7 healthy control donors in response to S, M, E and N

peptides. The number of spots in the medium controls ranged from 0

to 2. All assays were performed in triplicate. Bars indicate mean

values. *P \ 0.05, **P \ 0.01, NS: P [ 0.05. # P2 in response to S,

M and N; 4P15 in response to S and N. c Percentage of donors

responding to S, M, E and N peptides. ???? percentage of donors

responding to all four of S, M, E and N peptides; ??? percentage of

donors responding to three of S, M, E and N peptides; ?? percentage

of donors responding to two of S, M, E and N peptides;

? percentage of donors responding to one of S, M, E and N

peptides; - percentage of donors responding to none of S, M, E and

N peptides
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cells produced different cytokines but only expressed one

of the Th1 cytokines.

Discussion

In the current study, we analyzed the cellular immune

responses in individuals who had recovered from SARS

after stimulation with SARS-CoV peptides ex vivo. Our

results demonstrated that very low responses of SARS-

CoV specific memory T cells were detected in a pro-

portion of individuals 4 years after natural infection. In

line with our observations, it has recently been shown

that the antibodies to SARS-CoV waned over the time

[1].

Memory T cells consist of both CD4? and CD8? T cells

that can rapidly acquire effector functions to kill and

eliminate infected cells and secrete cytokines to inhibit

replication of pathogens and to regulate immune responses.

After stimulation with antigen, memory CD4? T cells

differentiate into effector cells. According to the cytokine

production, CD4? T cells can be divided into Th1 and Th2

cells. Th1 cells secrete IFN-c, IL-2 and TNF-a and par-

ticipate in the cellular immune response. On the other hand,

Th2 cells secrete IL-4, IL-5, IL-10 and IL-13 and enhance

humoral immune response [9, 14–16]. Our previous studies

on immune response of SARS-recovered individuals have

demonstrated that after natural infection, both CD4? and

CD8? T cells are involved in immune responses to SARS-

CoV S, M, E and N antigens. Memory CD8? T cells dis-

play an effector memory cell phenotype expressing

CD45RO- CCR7- CD62L-. In contrast, the majority of

IFN-c? CD4? T cells are central memory cells expressing

CD45RO? CCR7? CD62L- [12, 13, 19, 20]. The exis-

tence of memory T cells in response to SARS-CoV anti-

gens after immunization of mice with DNA vaccine has

been described. T cell proliferation, IFN-c production,

DTH responses and cytotoxic T cell activities as well as the

induction of high levels of specific antibodies were also

demonstrated in our studies and those of other [3–5].

Fig. 4 Characterization of SARS-CoV S-, M-, E- and N-antigen-

specific cytokine-producing cells in PBMCs. PBMCs from SARS-

recovered donors and healthy unexposed individuals were incubated

with S, M, E or N peptides for 6 h. Cell-surface and intracellular

cytokine staining for IFN-c, IL-2 and TNF-a were performed. More

than 300,000 cells were acquired on a FACSCalibur flow cytometer.

The cells were first gated on CD4? T or CD8? T cells and

subsequently analyzed for cytokine expression. The results shown are

the percentage of cytokine-producing cells in CD4? or CD8? T cells

from different patients after stimulation and subtracting the isotype

control. Each individual point represents one result from one donor.

Bars indicate mean values. *P \ 0.05, NS: P [ 0.05. a S peptides,

b M peptides, c E peptides, d N peptides. e Multiple cytokine analysis

of CD4? and CD8? T cells following S peptide stimulation
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In addition, the heterogeneity of Th1 cells indicated that

T cells specific for SARS-CoV antigen could be divided

into three subsets based on IL-2 and IFN-c expression,

including IFN-c? cells, IL-2? and IFN-c? cells and IL-2?

cells [18]. It has been confirmed recently that Th1 cells

producing multiple cytokines are more efficient as effector

cells. Single CD4? IFN-c-producing cells are more limited

in mediating optimal and sustained protection. The factors

controlling the quality of Th1 responses seem to be the

amount and duration of antigen, the type of antigen-pre-

senting cell and the innate cytokine milieu [2]. In our study,

we found that in the absence of antigen, memory T cells

can still persist for 4 years in a proportion of SARS-CoV-

recovered individuals, but most of the memory Th1 cells

and memory CD8? T cells are single-cytokine-producing

cells. This might imply that the memory T cells will ulti-

mately become unresponsive or die. The poor Th1 response

could be one of the reasons for the diminished antigen-

specific neutralizing antibody production. Therefore, the

naturally acquired immune response does not persist for a

long period of time and might not provide a protection

upon re-exposure to SARS-CoV infection.

In conclusion, our study indicates that both memory

CD4? T cells and CD8? T cells specific for SARS-CoV

in SARS-recovered individuals could be maintained for

3–4 years and gradually decreased in the absence of anti-

gen. These results may have important implications in

developing effective SARS vaccines.
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